Introduction 22
Aerosol particles in the atmosphere affect both the global climate and local 23 environments (Carslaw et al. 2010 ; Fiore et al. 2012 ). For instance, aerosol particles serve as 24 cloud condensation nuclei (CCN) when water vapor is supersaturated, leading to the formation of 25 cloud droplets (Farmer et al. 2015) . Aerosol particles also influence visibility as well as the 26 radiation budget of the Earth by scattering solar radiation (Ramanathan et al. 2001 ). This effect is 27 particularly pronounced when these particles uptake water vapor, as hygroscopic growth 28 increases diameter of particles (Yu et al. 2006; Wang et al. 2008 ). In addition, aerosol particles 29 induce adverse health effects, including respiratory problems (Laumbach and Kipen 2012) . The 30 deposition pattern of aerosol particles in the human body depends on their hygroscopic growth 31
properties because the diameter change in particles affects their dynamics (Londahl et al. 2008) . 32
Understanding the hygroscopic properties of aerosol particles is important for investigating their 33 climatic and environmental impact. 34
Hygroscopic properties as well as CCN activities of pure inorganic and organic 35 compounds have been investigated by both theoretical and experimental approaches, 36 demonstrating that water solubility (S) is a key parameter to control water uptake properties 37 (Shulman et al. 1996 ; Petters and Kreidenweis 2008; Sullivan et al. 2009 ; Riipinen et al. 2015) . 38
These studies demonstrated that organic compounds can be classified to three categories, based 39 on their water solubility (Sullivan et Riipinen et al. 2015) . Highly soluble species deliquesce at subsaturated humidity (i.e., relative 46 humidity (RH < 100%)) to form aqueous particles. On the other hand, slightly soluble species 47 deliquesce only at the supersaturated regime (RH > 100%). Insoluble species (S < ~10 -4 (g cm -3 )) 48 exhibit no water uptake, while highly soluble species (S > ~10 -1 (g cm -3 )) significantly contribute 49 to water uptake. Compounds with marginal solubility (~10 -4 (g cm -3 ) < S < ~10 -1 (g cm -3 )) are 50 considered as slightly soluble. It is noted that these values separating different types of organic 51 compounds have some variability, depending on particle size and mixing state (Petters and demonstrated that the distribution of water solubility is important for CCN activity when 54 multiple organic compounds exist in a single particle (Riipinen et al. 2015) . 55 A significant fraction of atmospheric aerosol particles comprises organic compounds, 56 which include tens of thousands of species (Hamilton et al. 2004; Jimenez et al. 2009) . 57
Classification of these organic compounds is crucial, as the complexity of the chemical 58 composition inhibits identification at the molecular level (Hallquist et al. 2009 ). One of the most 59 popular classifications is the separation of water soluble (WSOM) and insoluble organic matters 60 (Psichoudaki and Pandis 2013) . Further separation of WSOM is required to understand water 61 uptake properties of organic aerosol particles, as it contains a broad spectrum of compounds 62 (Kuwata et al. 2013; Psichoudaki and Pandis 2013 (Mihara and Mochida 2011) . Although these techniques are demonstrated as 67 useful in classifying WSOM, relevance between these classification methods and water solubility 68 has been unclear, preventing the detailed theoretical analysis of water uptake properties. In 69 addition, WSOM classifications by these techniques are not predictable, requiring a significant 70 effort for characterizing methods (Sullivan and Weber 2006 ). Development of a method to infer 71 solubility distribution of actual aerosol particles will be advantageous in promoting our 72 understanding on solubility dependent water uptake properties of organic materials. 73
In this study, we explored the possibility to use 1-octanol-water partitioning as a method 74 to classify WSOM by their water solubility (S). The purpose of the study is to provide a 75 theoretical background to classify WSOM by 1-octanol-water partitioning, and qualitatively test 76 the method using a complex mixture of organic compounds. Water solubility and 77 1-octanol-water partitioning coefficient (K OW ) are tightly correlated, allowing separation of 78 complex mixtures of organic compounds by water solubility. Unlike solid phase extraction 79 methods, K OW can be reliably predicted using functional group contribution methods, allowing 80 detailed interpretation of data without extensive characterizations (Meylan and Howard 1995; 81 Meylan et al. 1996) . A theoretical analysis is provided. The method is tested for organic material 82 produced by smoldering of a mosquito coil, which has similar chemical characteristics as 83 ambient biomass burning particles (Ng et al. 2011; Li et al. 2012 ). The result from the 84 experiment using t mosquito coil qualitatively supports the theory, suggesting the further 85 quantitative verification of the method, which includes experimental tests by standard chemicals, 86 could be promising. 87 88
Theory 89
In this section, a theoretical background for the classification of organic compounds by 90 1-octanol-water partitioning is provided, after introducing relationships between K OW and S as 91 well as notation for solutions after liquid-liquid extractions. 92
K OW -S relationship 93
The value of K OW of compound i (K OW_i ) is defined by the following equation (Sangster 94 1989) . 95
Where and are the molar concentrations of compound i in the 1-octanol and aqueous 97 phases, respectively. The correlation between K OW and S has been established both for molar and 98 mass concentrations (Kenaga and Goring 1980; Chiou et al. 1982) . In this study, we focus on 99 K OW -S (mass concentration) relationship, as the unit is more useful in describing water uptake 100 properties of aerosol particles. Several K OW -S relationships have been proposed using various 101 experimental data sets, as compared in Figure 1 and 
where N is a positive integer. This notation rule is employed throughout the study. to S using the empirical relationship developed by Kenaga and Goring (1980) . Using the 157 relationship (Table 1) 
In Equations 9 and 10, is volume fraction of X N-1 solution, which is used for the N-th 186 extraction. The value of is equal to unity when the whole part of X N-1 is used for the N-th 187 extraction, whereas it is less than one if only a fraction of X N-1 is employed for the N-th 188 extraction. Combinations of equations 9, 10, and parameterization by Kenaga and Goring (1980) form an emulsion. Subsequently, the funnel was placed at a funnel stand at least for an overnight 223 period, separating 1-octanol and aqueous phases clearly. The 1-octanol and aqueous phases were 224 separately sampled, and transferred to glass vials. 225
Subsequently, the 1-octanol solution was diluted more than 10 times by methanol (ACS 226 grade, 99.8%, VWR International). The aqueous phase solution was used for analysis without 227 any dilution. These solutions were nebulized using glass nebulizers. A mass flow controller 228 (MC-20 SLPM-D, Alicat Scientific, Inc.) was used to regulate the particle free air supplied to the 229 nebulizer. Following nebulization, the solvents were removed using a diffusion dryer (Model 230 42000, Brechtel Manufacturing, Inc.) filled with activated charcoal (granular 6-10 mm, Wako 231 Pure Chemical Industries) or silica gel (Chameleon 83000.360, VWR International). Charcoal 232 was used for the 1-octanol solution diluted by methanol, whereas silica gel was employed for 233 aqueous solutions. As methanol is a highly volatile solvent, it does not affect quantification by 234 the ACSM. A trace amount of residual 1-octanol signal, which is negligibly small compared with 235 that from mosquito coil burning particles, were observed after removal of organic vapor by 236 charcoal ( Figure S3 ). The chemical composition of organic aerosol particles was measured using 237 the ToF-ACSM. The mass spectra measured by the ToF-ACSM were analyzed using a 238 fragmentation table (Allan et al. 2004) . These results are qualitatively consistent with those of a previous study on mosquito coil burning 272 particles (Li et al. 2012 ). However, some high m/z ions reported in the previous work (m/z121, 273 137, and 167) are not distinct in Figure 6a . The dissimilarity could be due to the differences in 274 burning condition and/or types of mosquito coils. The ACSM mass spectrum of WSOM 275 extracted from mosquito coil (A 0 ) has a higher fraction of m/z44 than that obtained in the online 276 measurement. In addition, the intensities of the hydrocarbon peaks are much less than those in 277 the online data. These results show that the WSOM fraction is more oxygenated. The fraction of 278 high-molecular weight ions (m/z >100) for A 0 is less than that for the online measurement, 279
implying that most of high molecular weight species are insoluble in water. 280 The promising result from the mosquito coil burning experiment encourages further 337 verification and development of the method. For instance, quantitative experiments using 338 atmospheric relevant pure species will help validating the method in more detail. A systematic 339
test of multiple extraction approaches, which was indicated to be successful for our preliminary 340 tests (not shown), will enhance our capability to classify WSOM by the 1-octanol-water 341 partitioning method. Development of an appropriate data inversion algorithm, which employs the 342 theoretical curves as kernel functions (Figures 3 and 4) , will be helpful to estimate solubility 343 distribution from experimental data. Experimentally determined solubility distribution by such a 344 method will be eventually useful for predicting the CCN activity of aerosol particles (Riipinen et 345 al. 2015) . (1) r V partitioned to both the 1-octanol and aqueous phases were measured using the ToF-ACSM. 361 WSOM partitioned to aqueous phases were highly oxygenated, whereas those for 1-octanol 362 phases contained significant fractions of hydrocarbon peaks. In fact, the fraction of m/z44 for 363 WSOM partitioned to a 1-octanol phase ( = 0.01) was as insignificant as that of 364 hydrocarbon-like organic aerosol (HOA). 365
The reconstruction of the WSOM mass spectrum allowed the estimation of the fractions 366 of materials partitioned to them. The analysis indicated that the major fraction of WSOM was 367 sufficiently soluble for contributing to cloud condensation nuclei (CCN) activation. The 368 promising result from the mosquito coil burning experiment encourages conducting detailed 369 verification experiment using standard chemicals in the future. In addition, future development 370 of an appropriate data inversion algorithm will be helpful in establishing an accurate estimation 371 method of solubility distribution of WSOM, which is important for predicting the CCN activity 372 of aerosol particles. Table S2 . 390 
